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Weighted average geothermal gradients in the Western Arkoma Basin, Oklahoma are 
estimated from bottom hole temperatures (BHT) from 158 oil and gas wells.  The regional 
geothermal gradient is 28.8 °C/km.  The central and north central portions of the basin have 
higher gradients than southern and northern portions, especially in large areas of Pittsburg and 
Haskell counties where geothermal gradients in excess of 36 °C/km exist.  These gradients 
suggest that temperatures suitable for low temperature geothermal power exist at depths of 2-3 
km.   
Coals have very low thermal conductivity (0.15 – 0.5 W/m°K) acting as thermal 
insulators.  This study examines the impact of coals on the thermal regime.  Desmoinesian coal 
thickness was mapped in the Basin using bulk density curves from 78 well logs.  The maximum 
thickness was about 50 ft of Pennsylvanian coal.  However, most wells show much lower 
amounts (< 20 ft).  Ten of eleven wells along a north/south cross section were selected for one 
dimensional (1D) thermal modeling.  Correlation of net coal thickness to the weighted average 
geothermal gradients and computer models show that coal thickness is too thin to have a 
significant effect on the geothermal gradient.  Temperature gradients in eight wells are consistent 
with vertical steady state conduction, and two are not.  Analytical solutions and temperature logs 
show that downward movement of cold water can produce the observed geothermal gradient in 
these two wells.  Temperature log profiles from wells near the Basin center reveal thermal 
anomalies indicating conditions inconsistent with steady state vertical thermal conduction below 
the Atoka formation.  These anomalies are located around major fault fairways and provide 
potential evidence for fluid flow and/or refraction of thermal energy.   
ix 
 
Within the Basin center, the Spiro and Cromwell Sandstones are geothermal reservoirs of 
interest as they are thick, aerially extensive, have moderate to good porosity, and are at depths 
suitable for low temperature geothermal power (~80 °C).  More detailed structural analysis, 























CHAPTER 1 INTRODUCTION 
Every year the global demand for energy increases.  As fossil fuels are a finite resource, 
alternative sources of cheap energy will be needed to meet demand.  Geothermal energy is heat 
stored in the earth’s crust.  Geothermal power is harnessing this heat energy and converting it to 
electricity (Tester, 2006). Two primary conditions must be met when evaluating geothermal 
energy: 1) accessibility and 2) sufficient reservoir productivity; i.e. permeable reservoir with 
sufficient hot fluid and volume (Tester, 2006).  Geothermal energy is renewable, clean, and can 
be an economically effective means of energy production.   
Geothermal energy has long been used in areas where magmatic activity exists, such as 
active plate tectonic boundaries.  These more conventional geothermal areas produce steam or 
water that flashes to steam at the surface which drives electrical turbines directly.  Thus, Iceland, 
Philippines, and California, produce geothermal energy in large quantities from these 
conventional geothermal reservoirs.  As of 2005, Iceland produced 17.2% of its power from 
geothermal resources and Philippines produced 19.1% (Bertani, 2005).     
Advances in technology has allowed for the production of geothermal energy by 
extraction of cooler fluids than those traditionally found in areas of magmatic activity.  
Geothermal systems such as Binary Cycle, Co-produced fluids, and Enhanced Geothermal 
Systems (EGS) are emerging technologies.  For instance, Binary systems produce hot water and 
run it through a heat exchanger that flashes a liquid with lower heat of vaporization, like 
isobutene, to power turbines.  Chena Hot Springs, Alaska operates the world’s lowest 
temperature binary geothermal power plant from 165 °F (74 °C) water (Tester et al., 2006).   
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Over large continental areas, surface heat flow is linearly related to heat production in the 
upper crust (Blackwell and Steele, 1988).  Additionally, areas with granitic basement show 
higher than average heat flow while areas with mafic basement show lower than average heat 
flow, primarily because of the higher radioactivity of granite.  Due to lithospheric 
inhomogeneities, heat flow is uneven across the earth’s surface with most being lost in 
tectonically active areas and the sea floor, while lower amounts are lost in stable continental 
interiors (McCulloh and Naeser, 1989).  Average continental heat flow (Figure 1) is 60 mW/m² 
(Blackwell and Steele, 1988). 
 
Figure 1.  Heat Flow Map of North America.   
Arkoma Basin study area highlighted in red.  (Modified from Blackwell and Richards, 2004). 
 
For steady state conduction, the thermal gradient is inversely proportional to thermal 
conductivity, (Blackwell and Steele, 1988).  Vertical conductive heat flow in a homogenous 




 QZ = K (dT/dZ)          (1) 
where QZ is the vertical component of heat flow, K is the thermal conductivity, and (dT/dZ) is 
the geothermal gradient.  Thermal conductivity is usually expressed in units of W/mºK, and heat 
flow is expressed in units of mW/m².   
With a horizontally layered medium consisting of several lithologic layers, equation 1 is 
rewritten as  
QZ = K1 (dT/dZ)1 = K2 (dT/dZ)2 =  … = Kn (dT/dZ)n     (2) 
Of the many factors affecting subsurface temperatures in sedimentary basins, advective 
groundwater flow, thermal conductivities of the sedimentary layers, and basal heat flow are the 
dominant controls (Blackwell and Steele, 1988).  While tectonics may be important, the last 
major tectonic event in the Arkoma Basin occurred in the Cambrian and therefore has no effect 
on the current thermal regime. 
Low thermal conductive layers, such as coal or carbonaceous shales can act as insulating 
“blankets”, on underlying strata.  The thermal conductivity of coal (Figure 2) ranges from 0.15 - 
0.5 W/m˚K, whereas sandstones ranges from 2.5 – 4.2 W/m˚K (Blackwell and Steele, 1989).  
Several studies have predicted and/or shown such thermal “blankets” can have a dramatic effect 
on the thermal regime of the underlying rock, causing anomalously high temperatures at shallow 
depths (Figure 3) even in areas of moderate to average basal heat flow (Pollack and Cercone, 
1994, Nunn and Lin, 2002, Blackwell and Steele 1989).  The magnitude of this effect is 
determined by the basal heat flow, and the thickness and average organic content of the 
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carbonaceous layer(s).  The presence of carbonaceous layers leads to significant temperature 
increases across them.  Additionally, the shallower the insulating layer(s), the greater the rock 
volume impacted by insulation.   
As groundwater moves through a basin, areas of downwelling groundwater (recharge) are 
cooled and areas of upwelling groundwater (discharge) are heated (Figure 4).  The magnitude of 
thermal anomalies due to subsurface fluid flow increases exponentially as depth of penetration 
and velocity of movement increase linearly.  Significant disturbances are possible even when 




m²) (Deming, 1993).    For geothermal power, both 
effects are important with respect to cost savings associated with drilling and operations. 
 
Figure 2.  Common In-Situ Thermal Conductivity Values. 
Values for common sedimentary lithologies at 20 °C.  Image from Nunn & Lin, 2002.  (Modified 
from Blackwell and Steele, 1989). 
 
Basins where organic rich layers are present at shallow depths are a potential source of 
geothermal energy especially when enhanced by upward fluid flow.  For example, Nunn and Lin 
(2002) suggested that upper Cambrian rocks beneath coal layers in the Eastern Arkoma Basin 
experienced high temperatures (100-140˚C) at shallow depths (1-2 km) in the geologic past 
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based upon evidence from fluid inclusions, fission track data, and organic maturation in 
Mississippi Valley Type (MVT) ore deposits.  However, the eastern Arkoma coals have largely 
been eroded away removing first hand evidence of thermal insulation; i.e., as organic rich layers 
are eroded, the thermal regime of the basin returns to normal levels (Pollack and Cercone, 1994).  
In the Western Arkoma Basin many of the coals are still in place.   
The primary goal of this study is to determine the thermal regime of the Western Arkoma 
basin and test the hypothesis that Pennsylvanian coal within the Basin has a significant impact on 
subsurface temperatures (Figure 3).  Bottom hole temperatures (BHT) from well headers are 
used to construct a geothermal gradient map.  Density logs are used to calculate coal thickness to 
create a coal isopach map.  Well logs also provide formation thickness to input into 1D models.  
Model input values for basal heat flow and thermal conductivity of sedimentary layers were used 
from Lee et al. (1996).  A secondary goal is to find evidence for groundwater flow to test the 
hypothesis that advective heat transport contributes to thermal anomalies in the Basin.  In figure 
4(a), temperatures of deep sediments in the recharge zone have cooled by 60 °C as compared to 
figure 3(a) and 110 °C as compared to figure 3( b).  In Figure 4(b), the temperatures in the 
discharge zone have increased by 80 °C from figure 3(a) and by nearly 50 °C from figure 3(b).   
PetroMod modeling software, topographic profiles, and well logs will be used to aid in 
fluid flow analysis.  In addition to regional topographic fluid flow, local topographic highs (hills) 
usually have lower temperature gradients than topographic lows.  The differences are the result 
of conductive (Guyod, 1946) and/or advective (Toth, 1964) effects as hills create areas of 
topographic recharge.  Well logs with continuous temperature profiles can also provide evidence 
for groundwater flow (Guyod, 1946).  PetroMod 1D, models vertical steady state conduction.  
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Temperature data observed from wells can be compared to model results, to see if unsteady state 
conditions exist in the basin. 
 
Figure 3.  2D Steady State Conduction Only Temperature Distribution. 
With no carbonaceous cover (a), full 300 m carbonaceous cover (b).  Gradients are very high 
through carbonaceous layer, with elevated temperatures below and return to a normal gradient.  
Nunn and Lin (2002). 
 
Background Geology 
The Arkoma Basin (Figure 5) is an elongated, east-west trending arcuate foreland basin 
spanning western Arkansas and eastern Oklahoma, covering an area of 34,919km².  In the Area 
of interest (AOI) (Figure 5), topographic highs such as the Ozark Uplift and Oklahoma Platform 
bound the basin to the north and northwest, and the Ouachita Mountains to the south (Lee et al., 
1996).  Thus, topographically driven fluid flow is likely with the structural complexities of the 
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area shaping the way heat and fluid flow is distributed.  The basin is thickest adjacent to the 
Ouachita Mountains where the sedimentary column is over 9 km deep (Nunn & Lin, 2002).   
 
Figure 4.  2D Steady State Temperature Distribution by Advection. 
With no carbonaceous cover (a). full 300 m carbonaceous cover (b).  Temperature contours is 
20˚C.  Approximate flow path depicted by arrows.  Effects on thermal regime between recharge 





Figure 5.  Arkoma Basin Geographic Overview. 
Approximate AOI highlighted red.  (Modified from Sutherland, 1988). 
 
The general tectonic model (Figure 6) for the Arkoma Basin begins with rifting in the late 
Precambrian to early Cambrian, which led to an open ocean basin.  The southern margin of 
North America became a passive margin lasting until the Early Mississippian. Ocean closure 
began during the late Devonian to Early Mississippian as convergence began with southern 
subduction of North American crust under Llanoria resulting in formation of the Ouachita 
Orogenic belt.  By the early Pennsylvanian, the ocean basin closed as Llanoria obducted onto the 
margin of North America (Houseknecht, 1986).  With continued subduction, the North American 
margin began flexurally down-warping the lithosphere (Figure 6, part D), leading to foreland 
basin development, increased accommodation space, and the development of large growth faults 
parallel to the Ouachita belt.  As a result, a rapid increase in sedimentation and basin subsidence 
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occurred.  As the landmasses were sutured in the Middle Pennsylvanian, structural loading and 
associated flexural subsidence on the North American margin caused further growth of the basin 
(Figure 6, part E).   
 
Figure 6.  Tectonic Model for Arkoma Basin.  Houseknecht (1986). 
Uplift of the Ouachitas and high sedimentation rates extended at least to the Late Permian 
(Sutherland, 1988), and the last episode of major Orogenic activity ceased near the Permian-
Triassic boundary (~250 Ma) (Cranganu, 1998).  The only tectonic activity in the basin since the 
Early Mesozoic has been erosion of significant thicknesses of overburden (Byrnes and Lawyer, 
1999), which continues to the present day.  However, rate of erosion decreases exponentially 
with time and therefore the effects on present day heat flow should be negligible (Lee et al., 
1996; Vitorello and Pollack, 1980).  The Krebs Group (Figure 7) is the only Desmoinesian 
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Group (Late Paelozoic) preserved across the present day basin, with sparse outcrops of the 
Marmaton and Cabaniss Groups along the basin margins (Sutherland, 1988).   
 
 
Figure 7.  Arkoma Basin Stratigraphic Column.   
Ages from Byrnes and Lawyer, 1999.  (Modified from Valderrama et al., 1996). 
 
Structurally the Arkoma Basin is characterized by broad synclines connected by narrow 












trend.  Listric thrust faults underlie many of these folds and often break to the surface along the 
anticlines (Houseknecht, 1986).  Under the thrust faults lie heavily normal faulted Precambrian 
basement and the entire Pre-Atoka (Late Palozoic) (Figure 8) sedimentary section (Houseknecht, 
1986).   
 
Figure 8.  Regional North/South Cross Section. 
Cross section shows major structural trends Arkoma Basin.  Pbg (Boggy Formation), Psv (Savanna 
Formation), Pma (McAlester Formation), Phs (Hartshorne Formation), Pa (Atoka Formation), Pm 
(Morrowan Formation), MD (Mississippian/Devonian Formations), DSOhs (Dvevonian/ 
Sillurian/ Ordivician Formations), Ovs (Ordivician Formations), OCa (Cambrian/ Ordivician 






 The general stratigraphic column for the Arkoma Basin is shown in Figure 7.  
Throughout the early history of the Arkoma Basin, sediment was deposited on a shallow marine 
shelf over a Precambrian granite and rhyolite basement.  Deep water accumulations occurred on 
the edge of the shelf and slope (Sutherland 1988).  Cambrian to Early Pennsylvanian lithologies 
consist of thick sequences of shallow shelf carbonates (limestone and dolomite), shales, 
quartzose sandstones, such as the Spiro and Cromwell, from intermittent terrigenous input, and 
deeper water marine black shales and cherts (Houseknecht 1986, Sutherland 1988).  Thickness is 
1.5 km in the southern part of the basin (Houseknecht, 1986).   
Potential geothermal reservoirs are the Cromwell and Spiro Sandstones.  The Cromwell 
sandstone “is a fine to medium grained subrounded calcareous sandstone (primarily quartz 
arenite)” extending over most of the Arkoma Basin in Oklahoma (Figure 9) (Sutherland, 1988).  
The Cromwell was sourced from the northwest and deposited during a series of transgressions 
and regressions across the paleo shelf.  The formation consists of discontinuous calcareous and 
quartzose sands, and thin shales.  The sandstone is highly faulted and thicknesses vary from 12 – 
60 m across the basin (Sutherland, 1988) in Oklahoma.   
The Spiro sandstone is widespread over much of the Basin in Oklahoma, and is highly 
faulted.  The Spiro Sandstone, or basal Atoka, was deposited along a prograding deltaic complex 
(Figure 10) during a rapid transgression (Sutherland, 1988), unconformably overlying the 
Wapanucka Limestone.  Fluvial and tidal channel facies, as well as intrachannel sand and shale 
deposits exist (Houseknecht, 1986).  It is primarily well sorted, fine – medium grained quartzose 




Figure 9.  Early Morrowan Geographic Map During Time of Cromwell Deposition.  (Modified 
from Sutherland, 1988). 
 
Figure 10.  Early Atokan Geographic Map During the Spiro Sandstone Deposition.  






The Pennsylvanian Atoka formation records the transition from deposition on a passive 
continental margin to a rapidly subsiding foreland basin and is over 5 km thick along the 
southern basin margin (Houseknecht, 1986).  Many authors, Sutherland (1988), Houseknecht 
(1986), Saleh (2004), and others, have divided the Atoka into three main parts; Lower, Upper, 
and Middle Atoka.  The Middle Atoka is by far the thickest member.  Throughout much of the 
study area the Spiro Sandstone marks the base of the formation.  Sediment sourcing is from the 
East with a possible point source from the Northwest, (Houseknecht, 1986, Sutherland, 1988, 
Saleh, 2004) during a series of transgressive/regressive cycles within a deltaic environment.  It 
was during the Middle Atokan that the Arkoma shelf underwent rapid subsidence due to flexural 
loading (Sutherland, 1988).  East/West trending syndepositional normal faults led to significant 
thickening of the formation across faults down thrown to the south.  In Oklahoma, the Middle 
Atoka is mainly composed of shale with interbedded thick sandstones in the central and southern 
part of the basin (Sutherland, 1988).  Some of these sand members, such as the Red Oak, Panola, 
and Brazil, are interpreted as turbidites and are targets of the oil and gas industry.   
Above the Atoka formation lies the Desmoinesian Series, which consists of the Krebs, 
Cabaniss, and Marmaton groups.  This series contains maximum sediment accumulations of 2.5 
km.  Formations younger than the Krebs Group have been eroded in most parts of the Arkoma 
Basin, and occur sporadically.  Lithologies of the Krebs group are primarily shale, olive to black 
in color, with interbedded sandstones, siltstones, and occasional conglomerates (Hemish and 
Suneson, 1997).  The upper three formations in the Krebs are believed to have come from the 
shelf to the north and show several northwest transgressions followed by southerly regressive 
progradations of fluvial and deltaic systems across the shelf and into the Arkoma basin.  All 
Desmoinesian formations generally thicken southward.  The northwest margin of the basin 
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gradually moved to the northwest as successive Krebs Group deposits accumulated (Sutherland, 
1988).   
Bituminous and semi-anthracite coals are abundant in the Pennsylvanian formations 
(Figure 11), particularly in the Krebs group, with accumulations estimated at 7.89 billion tons 
(Rieke and Kirr, 1984).  Coal rank (Figure 11) reflects the thermal maturity and is used to help 
validate estimated removal of overburden in 1D models as discussed in results.  The Krebs group 
(Figure 8), consisting of the Hartshorne, McAlester, Savanna, and Boggy Formations, was the  
 
Figure 11.  Eastern Oklahoma Commercial Coal Belt.   
Rank of Hartshorne Coal based on mean maximum vitrinite reflectance.  Numbers are mean 
maximum vitrinite reflectance values %Rmax.  Approximate basin boundaries in red.  (Modified 






primary sedimentary sequence deposited into the Arkoma Basin during the period of rapid basin 
subsidence, but before initial folding of the area (Sutherland, 1988).  The sediments comprise a 
typical coal bearing molasse sequence of shallow marine, deltaic, and fluvial deposits 
(Houseknecht, 1986, Sutherland, 1988).   
Previous Studies 
A previous thermal investigation on the Basin was undertaken by Lee et al. (1996).  They 
estimated the geographic distribution of basal heat flow throughout the basin by analyzing 
thermal conductivities from cuttings and cores, and calculating thermal gradients from bottom 
hole temperature data.  This study is primarily focused on geothermal gradients and their 
relationship to coal insulation and/or advective groundwater flow.  Lee et al. (1996) generated 
heat flow models to explain the systematic increase in heat flow from south to north by crustal 
heat production and heat refraction, and analytical calculations for regional fluid flow.  Models 
accounted for heat flow variation primarily by conductive effects (heat refraction and 
production) with error of ± 20%.  Refraction models showed that low conductivity of the very 
thick Atoka shale (~ 1.71 W/m°K) refracted heat into the basement and high conductivity 
formations (~ 2.4 – 4.11 W/m°K) below the Atoka.  Refraction accounted for 5 - 10 mW/m² of 
the 20 – 30 mW/m² increase in heat flow.  5 - 15mW/m² of the 20 – 30 mW/m² increase in heat 
flow from south to north is attributable to a general north/south increase in basement heat 
production as a result of the basement thickening to the north (Lee et al., 1996, Lillie et al., 1983) 
which produces more heat energy.  With as much as 20 mW/m² potentially unexplained by heat 
production and refraction, Lee et al. (1996) estimated that the regional permeability necessary to 
account for an increase in heat flow of 10 mW/m² in discharge areas and a decrease in heat flow 







The study by Lee et al. (1996) did not attempt to show the impact of coal insulation on 
the thermal regime of the basin.  In this study, the effect of thermal insulation from the coals 
present in the Arkoma Basin was analyzed to see what impact coal insulation has on the average 
thermal gradients.  Cardott et al. (1986) attempted to establish a relationship between coal rank 
and present day thermal gradient in the Arkoma Basin.  Cardott et al. (1986) cored three coal 
beds in six different locations.  They cored the same coals in a high thermal gradient area and a 
low thermal gradient area.  They noted that the present day geothermal gradients did not 
correlate with coal rank and thickness observed across the basin.  Their work showed areas 
where coal of similar rank and thickness covered areas of high and low thermal gradients.  They 
hypothesized that variations in heat flow, groundwater movement, and lateral changes in thermal 
conductivity and structural complexity are likely the causes of the observed thermal anomalies, 
not coal thickness.   
This study looks at coal thickness in density logs basin wide in an attempt to understand 
the magnitude of thermal insulation provided by the coals as well as to correlate thermal 
anomalies to coal thickness observed.  The present study also makes use of 1D computer models 
to better understand controls on vertical thermal conductivity and also incorporates the use of 







CHAPTER 2 DATA AND METHODS 
Well logs from 158 wells were available for study in the Area of Intrest (AOI) (Figure 
12).  46 wells have multiple runs, and 52 wells were Air Drilled.  Nearly all wells have Gamma 
Ray and Deep Induction Resistivity logs.  Most have Neutron/Density Porosity and Bulk Density 
logs covering various depth ranges, making coal identification possible.  Tiff image logs were 
obtained from DrillingInfo.com and from the Oklahoma Corporation Commission.  Fourteen 
LAS logs were obtained from BP.  All logs were uploaded into GeoGraphix for analysis.   
 
Figure 12.  GeoGraphix AOI. 
Western Arkoma Basin, Oklahoma.  Basin limits highlighted in red, wells used in study are 
black, north/south cross section (Figure 13) marked by pink line and east/west cross section 
















































































































































































































































































































































































































































































 The formation tops for the Atoka, Hartshorne, Booch, and Savanna formations were 
picked based on type logs and stratigraphic information from Suneson (2009), Saleh (2004), 
Andrews et al. (1998), Suneson et al. (2005), and completions information available on the 
Oklahoma Corporation Commission website 
http://www.occeweb.com/Orawebapps/OCCOraWebAppsone.html.  Formation picks below the 
Atoka formation were picked based on type log and stratigraphic information from Suneson et 
al., (2005), completions information available at the Oklahoma Corporation Commission, as well 
as prior work experience and literature descriptions.  The type log is shown in Appendix C.  In 
well log response (Figure 15), The Cromwell and Spiro Sandstones show low – medium gamma 
values (20 – 40 API) indicating relatively low clay content, and make for distinctive regional 
correlation.  These units are discussed further in the discussion and conclusions sections. 
Temperature Correction and Average Geothermal Gradient 
The present day surface temperature in the study area is 19.3 °C as calculated by PetroMod ® for 
the geographic latitude of the Arkoma Basin at 35°N.  This temperature is about 3°C higher than 
the average air temperature of 16.4 °C per NOAA (http://www.ncdc.noaa.gov/).  As a result of 
the temperature of the ground being a few degrees warmer than the surface air temperature 
(Guyod, 1946), 19.3 °C is the value used in calculating thermal gradients.  This value is close to 
the 20 °C inferred from linear regression by Lee et al., (1996).  Corrected Bottom Hole 
Temperatures (BHT’s) were used to calculate the regional geothermal gradient and geothermal 
gradient map of the study area based on weighted average well gradients.  Figure 16 shows two 
different average geothermal gradients (dashed lines) based on taking temperature readings from 





Figure 15.  Well Log of Spiro/Cromwell Sandstones.   
Well Yardeka 2-12.  Gamma and Resistivity log responses. 
 
Gamma Ray (API)  Resistivity (ohm/m) 
0   –   200   0.2   –   2,000 
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function of lithology (thermal conductivity).  Shales have lower conductivity and thus higher 
gradients than the limestone sections.  Therefore, a linear gradient estimated from the surfaces to 
the bottom hole is the weighted average gradient.  Thicker units have more impact on the 
weighted average than thinner units.  As wells selected for study cover varying depths and 
formations drilled, it is possible lateral and vertical variations in temperature may simply be the 
result of changes in thermal conductivity (Blackwell and Steele, 1989). 
BHT’s obtained from wells drilled with muds were corrected due to the cooling effects of 
the drilling fluid.  The Harrison correction (Equation 3),  
TC = TO + (-16.51213476+0.01826842109*Z - 0.00000234493695*Z²)   (3) 
is an empirical relationship between depth and temperature where Z is depth, TO is the 
temperature in degrees Celsius (°C) before correction, and TC is the temperature in °C after 
correction (Harrison et al.,1982), and has an error of ± 5 ºC (Blackwell and Richards, 2004).  The 
average thermal gradients were established by the following formula: 
 Gradient = (BHT – Surface Temp) / Depth       (4) 
For comparison, average geothermal gradients were also calculated using the Kehle 
Correction (Kehle, 1971) (Equation 5), 
TE = TL - 0.000000000008819*D³ - 0.00000002143*D² + 0.004375*D - 1.018   (5) 
Where TE is the equilibrium temperature, TL is the recorded temperature, and D is depth.  Neither 
the Harrison nor the Kehle Corrections take time after drilling circulation into account when 
calculating the corrected BHT.  In order to make a calculation involving time, a Horner plot can 
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be made using different log runs at the same depth at different times.  No logs available for this 
study had multiple runs at the same depth to create a Horner plot. 
 
Figure 16.  Example of Average Geothermal Well Gradient. 
Gradient calculated from surface to a bottom hole location based on temperature log (solid line) 
in Kansas.  Dashed lines represent two different average gradients based on different depths.  
Upper gradient, dashed line, is 45 °C/km and bottom gradient, dashed line, is 18 °C/km.  
Blackwell and Steele (1989). 
 
Coal Identification   
Coal has a bulk density of less than 2 g/cm³ (Hearst and Nelson, 1985).  The bulk density 
log is therefore the best way to identify coal from well logs.  Additionally, coals often show high 
porosity (>30 %), and increase in the caliper log due to wash out.  Layers that are at least two 
feet thick, showing bulk density less than 2 g/cm³, are identified as coal.  Taking the effect of 




increases on caliper curves were also classified as coal (AAPG Methods 16).  The density 
correction curve is a quality control check indicating how much of a correction is applied to the 
bulk density curve due to borehole effects - primarily mudcake thickness and borehole rugosity 
(AAPG Methods 16).  This tool helps determine the validity of the density reading.  Where the 
density correction was greater than 0.2 g/cm³, the data were deemed suspect or invalid and 
therefore not used (AAPG Methods 16).  Well logs were loaded and depth registered in 
GeoGraphix for determination and mapping of Pennsylvanian strata and associated coal deposits.  
Using wells with bulk density logs, coal layers were picked (Figure 17) and net thicknesses 
determined within the Desmoinesian formations. 
                   Caliper, Gamma  Density Porosity, Bulk Density, Density Correction  
 
Figure 17.  Coal Well Log Response. 
Log response highlighted by bulk density less than 2 g/cm³, caving on caliper, and low porosity, 
and intermediate gamma.  Log from Yardeka 2-12. 
 
Pressure and Porosity 
 Porosity was determined from density porosity logs where available, and porosity 
estimates from Lee et al. (1996) and Harrison et al. (1982).  Density porosity calculated from 
bulk density curves are derived from the following formula: 




where θD is derived density porosity, ρma matrix density, ρb is bulk density from log reading, and 
ρfl is fluid density in the formation.  Of the 158, wells 52 were air drilled.  Pressures for wells not 
air drilled were determined by empirical relationship from mud weight on headers.  To calculate 
the pressure at depth, the following formula was used: 
 P = MW * D * .052          (7) 
Where P is pressure in psi, MW is the mud weight, and .052 is a unit conversion factor 
(Schlumberger oil field glossary).  As operators tend to use slightly overbalanced mud, this gives 
a slightly higher pressure than actual formation pressure. 
Computer Modeling 
PetroMod software was used to model the thermal history and the current temperature 
distribution within the basin.  One dimensional (1D) models were run for ten wells along the 
north/south cross section shown in Figure 14.  This line of section was chosen because there are 
estimated values of heat flow and thermal conductivity of formations from Lee et al. (1996).  
Mean thermal conductivity values of formations and basal heat flow (Table 1) were taken from 
locations shown in cross section (Figure 18) Lee et al. (1996).  The lithologies (conductivity) of 
the formations were held constant, with no lithological variation within individual formations.  
1D models compute the effects of vertical steady state conduction.  Thermal conductivity values 
and lithologies of removed overburden were taken from Lee and Deming (1999), and Byrnes and 
Lawyer (1990).  The temporal distribution of overburden removal was taken from Byrnes and 
Layer (1999), and vitrinite values from Cardott (2011) (Figure 12).   
As there has been no significant tectonic activity for the last 250 Myr, except erosion, and 
no significant igneous activity over the last 500 Myr, the Arkoma Basin has long since recovered 
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from the thermal effects from tectonism (Cranganu et al., 1998).  Additionally, Cranganu et al., 
1998 estimate any increase in heat flow over the last 310 Myr due to erosion and uplift is only 3 
– 8 %.  Thus, the heat flow values were held constant through time in model runs. 
 
Figure 18.  Map of Heat Flow and Conductivity Locations. 
Data from 18 wells used to construct north/south cross section in Figure 8.  The solid circles are 
wells where thermal conductivity measurements were made.  Numbers correspond to Table 2.  





Table 1.  Formation Average Conductivity and Porosity Values.   
Table includes number of samples used to calculate mean matrix conductivities by formation 
used in 1D models.  Porosity values from Density log and sample measurements.  (Modified 
from Lee et al., 1996). 
 
 
Table 2.  Site Conductivity and Heat Flow Values.   
Heat flow values used for 1D models.  The estimated heat flow error is ± 20%.  Measurement 





CHAPTER 3 RESULTS 
Thermal Regime 
Harrison corrected bottom hole temperatures (BHT) plotted versus depth give an average 
regional geothermal gradient of 28.8 °C/km.  Figure 19 shows uncorrected versus Harrison 
corrected BHT’s versus depth.  The R² of 0.9 indicates the slope of 28.8 °C/km provides a good 
fit to the data.  Geothermal temperatures equal to or in excess of 70 - 80 °C are encountered 
around 2 km depth.  Figure 20 is the geothermal gradient map created in GeoGraphix, using the 
weighted average thermal gradient computed for each well.  For wells with more than one run, 
the average thermal gradient was calculated from surface to the deepest BHT of the well. 
 
Figure 19.  Regional Geothermal Gradient of the Western Arkoma Basin, Oklahoma. 
Plot shows Harrison Correction versus Uncorrected BHT’s.  Regional geothermal gradient is 
28.8° C/km. 
y = 25.081x + 19.3 
R² = 0.8673 
y = 28.792x + 19.3 



























Higher gradients generally exist in the Basin center, especially in Pittsburg and Haskell 
counties, versus the northern and southern sections of the map (Figure 20).  There are some 
exceptions: northern McIntosh and Hughes counties show high thermal gradients, and there are 
areas with low thermal gradients (labeled A, B, C, and D) in the middle of east and west 
Pittsburg and southern Muskogee counties that are anomalous with respect to the temperature 
gradients in wells around them and the regional thermal gradient.  Thicker deposits of coal could 
be the reason for the higher thermal gradients due to thermal insulation.  Temperatures should be 
greater when the insulating layers are thicker.  As noted earlier, the impact of thermal insulation 
on temperatures is determined by the basal heat flow, the thickness and average organic content 
(thermal conductivity) of the carbonaceous layer(s), and stratigraphic depth (Pollack and 
Cercone, 1994).   
Temperature variations could also be due to local differences in structure, lithology, fluid 
flow, and heat production.  Most of the BHT values in the four areas noted above are shallower 
(<3,500 ft) than the BHT values that immediately surround them (>5,000 ft) and may only reflect 
a difference in lithology as demonstrated by figure 16; i.e. areas where there are thick deposits of 
sand would produce lower temperature gradients relative to areas with shalier sections.  Another 
possibility is bad data or noisy data associated with BHT information (± 5 ºC error).   
Figure 21 is the thermal gradient map overlaying a structure map on the top of the 
Cromwell, which mimics basement structure.  There is a good correlation between high 
temperature gradient trend through the basin center and the steep contours of the Cromwell.  As 
indicated by Lee et al. (1996), heat refraction and/or advective groundwater flow should transmit 




































































































































































































































































































































































































































































































A Desmoinesian coal isopach map (Figure 22) was created in GeoGraphix from 78 wells 
using the bulk density log.  Within the map, areas with thick net coal, in excess of 20 ft, and 
areas with little or no net coal, less than 7 ft, are labeled (Figure 22).  The western two thirds of 
the map area has more well control and therefore a greater degree of certainty than the eastern 
third of the map.  It should be noted that due to inconsistent well log coverage (i.e. some wells 
had greater depth of coverage of density logs than others), the coal isopach map is a minimum 
thickness of coal.  If thermal insulation by coals is the reason for the observed temperature 
gradients, areas of thicker coal deposits should correlate with higher weighted average 
temperature gradients.   
Figure 23 shows the geothermal gradient map overlain by the coal isopach map.  Some 
areas have a positive correlation between the thermal gradient and coal thicknesses (Figure 22).  
Examples include central Pittsburg county and northern Hughes county.  Areas labeled A and B 
(Figure 23) show positive correlations.  However, there are areas where thick coal is associated 
with average to low thermal gradients (Area C in Figure 22).  Also, the area labeled D contains a 
constant thickness of coal that contains subsurface with a very high temperature gradient and a 
very low temperature gradient.  A scatter plot of net coal versus average thermal gradient (Figure 
24) shows no correlation between coal thickness and temperature gradient which suggests that 















































































































































































































































































































Figure 24.  Coal Versus Average Gradient Cross Plot. 
Pressure and Porosity 
 Based on mud weights, most wells in the study area have a pressure gradient between 
0.45 psi/ft to 0.51 psi/ft or less and 52 wells were air drilled.  The hydrostatic gradient is 0.447 
psi/ft.  Therefore, pressures within the study area are at or near hydrostatic conditions.   
Porosity measurements were taken from density porosity logs compared to average 
values estimated from density logs and published by Lee et al. (1996) (Table 1).  There is good 























One dimensional (1D) numerical models were run in PetroMod for the wells in the 
North/South cross section in Figure 14.  Model results are shown in Table 3 along with 
calculated thermal gradients from corrected BHTs.  There is good correlation of the calculated 
gradients from well log and PetroMod for eight of the ten wells, indicating that conditions are in 
thermal equilibrium.  The BHT’s from model results versus those taken from well log for these 
eight wells are within a ± 5 °C standard deviation for the Harrison Correction (Blackwell and 
Richards, 2004).   
Figure 25 shows results from one thermal history model from the Carboniferous to 
present day.  Maturity values in Table 3 were generated in PetroMod by burial of present day 
sediments by overburden sediments which have subsequently been removed by erosion.  Input 
values for estimated removal of overburden were compared with values calculated by Byrnes 
and Lawyer (1999) of 5,000 – 10,000 ft removed overburden.  Thermal maturity values were 
adjusted to produce values consistent with observed vitrinite values for the top of Hartshorne 
from Cardott (2011) (Figure 12).  As seen in Figure 12, the thermal maturity generally increases 
towards the center of the basin and to the east.  Figure 11 was overlaid on Figure 12 to compare 
modeled thermal maturity values to observed thermal maturity values.  A similar estimation was 
done with map data from Byrnes and Lawyer (1998).  In both cases there is good agreement with 
model results.  1D models were also used to estimate how much thermal insulation coals could 
provide.  In addition to the thermal maturity increasing with depth of burial, the porosity values 
decrease.   
38 
 
Well Yardeka 2-12 along the north/south cross section was selected to test thermal 
insulation by coal because it has the thickest coal deposit (23 ft) along the cross section (Figure 
14) and one of the highest heat flows.  A 23 ft coal deposit with a thermal conductivity of 0.3 
W/m°K was placed at the top of the sedimentary sequence (Figure 26) for ease of modeling and 
to easily see the effect of thermal insulation.  In reality, the coal is vertically spread out as 1 -5 ft 
coal seams over roughly 2,500 ft within the Desmoinesian formations, but the net insulating 
effect is the same.  Figure 26 shows present day temperature gradient, which is nearly linear with 
depth, and thermal conductivities for major formations.  For this particular model, 7,500 ft of 
overburden was removed.  The amount of overburden will determine the reduction in porosity, 
but thermal equilibrium is assumed even though the model shows a near constant rate of erosion 
since the Permian.  Model results using a heat flow of 60 mW/m², produced only a 1.02 °C 
change at a bottom hole depth of 1,958 m, which for this well, is an increase of the average 
gradient by 0.51 °C/km compared to the model run without coal.  An analytical solution results 
in a temperature change across the coal of 1.4 °C.   
Table 3.  1D Model Results.   























































































































































































Figure 26: 1D Thermal Conductivity and Gradient 
Model results from well Yardeka 2-12.  Red line is temperature with depth.  Black line is the 
thermal conductivity of the formations.  Well has 23 ft of coal in the Desmoinesian formations- 
Boggy, Savanna, Booch, and Hartshorne – above Atoka.  7,500 ft of overburden removed. 
 
Two wells, Oakley 1-27 and Rollins 30-1, show larger deviations between observed and 
modeled temperature gradients.  Both wells are in Area D (Figure 20) and have weighted average 
gradients of 19.4 °C/km and 22.1 °C/km respectively.  All wells in this area are drilled to about 
the same depth.  The depths are similar to those observed to the West in adjacent McIntosh 
County where the gradients are much higher (> 38 °C/km).  The BHTs observed versus those 
predicted are greater than a ± 5 ºC margin of error, the observed gradients in Rollins 30-1and 
Oakley 1-27, 16.8 °C/km and 12.7 °C/km respectively, are lower than model predictions.  These 
large deviations indicate either that the data are bad and not reflective of actual conditions, or 
that something is perturbing the thermal regime; such as downward fluid flow.   
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There are 46 wells with multiple runs (Appendix B).  As measured from the BHT of the 
first log run to the second log run, 29 of the 46 wells show an increase in thermal gradient with 
depth (Figure 27), 6 wells show a decrease in thermal gradient with depth, and 11 have a 
constant gradient with depth.  Editing the data within a ± 5 ºC margin of error, only 14 wells still 
show an increase in gradient with depth, while 2 show a decrease with depth, and the rest are 
roughly linear with depth.  Figure 27 is an example of a well with an increase in gradient with 
depth as measured from surface to bottom hole of the first logging run, and from the bottom hole 
of the first logging run to the bottom hole of the second logging run (red lines).  When edited 
within margin of error, these produce a linear gradient with depth (black line).   
 
Figure 27.  Temperature Gradient Error Analysis. 
Data from Well Ida Jane 1-32.  BHTs from shallow and deep runs are in blue with ± 5 ºC error 
bars.  Actual well gradients shown in red for the shallow and deep runs are 26.7 °C/km and 39.9 
°C/km respectively show an increasing gradient with depth.  The weighted average gradient for 
the well is 32.9 °C/km.  The black line is a linear fit through the margin of error and produces a 





















Well Watkins 1-6 has two well log runs.  From the header, the upper run is from surface 
to 3,600 ft and has an average thermal gradient of 17.5 °C/km.  The second run has a total depth 
of 8,900 ft and an average thermal gradient from the bottom of the first run to total depth (TD) of 
52.5 °C/km.  The second logging run has temperature postings every 50 feet (Figure 28) which 
provides greater resolution.  From downhole temperature postings (Figure 28), the thermal 
gradient through the Atoka is 26.6 °C/km.  The thermal gradient increases to 40.8 °C/km starting 
at the Cromwell and goes to TD just below the Woodford (Figure 29).  The red line (Figure 28) 
marks the approximate boundary of the Cromwell Sandstone, and shows a noticeable increase in 
gradient at this point.  This is an increase in gradient of nearly 2 to 1.  If the well is in vertical 
steady state conductive thermal equilibrium, there should be a roughly 2 to 1 difference in 
thermal conductivities of the sediments. 
The gamma ray log (Figure 29) shows that the upper section of the log is alternating sand 
and shale, especially in the Booch and Savanna, but the Atoka section is very shaley.  The 
thermal anomaly starts at 7,600 ft around the Cromwell Sandstone and persists through the 
Caney and Woodford shales, to the top of the Hunton Limestone.  The gamma ray log is a good 
indicator of lithology.  From gamma ray log data (Figure 29) there is nothing to suggest 
lithologies (thermal conductivities) that should differ greatly from literature data (Table 1); i.e. 
there is no evidence to support a 2 to 1 difference in thermal conductivity values.  Additionally, 
the thermal anomaly starts within the Cromwell Sandstone, which should have a higher thermal 
conductivity (lower thermal gradient) relative to the overlying Atoka shales.  Therefore, either 
the data are bad or there is significant lateral transport of thermal energy via fluid flow and or 




The gradient in Yardeka 2-12 (Figure 30) does not deviate much from the gradient 
predicted by PetroMod (Table 3).  There is a large thermal anomaly in the lower most 250 ft 
(6,200 – 6,450 ft) around the Cromwell Sandstone.  The well log shows a systematic increase in 
temperature (~36 °C/km) up to 6,200 ft where there is a sharp increase of 23 °C over a 250 ft; 
approximately 160 °C/km. interval.  The very bottom 10 – 15 ft likely reflects tool error (cycle 
skip) as there is a sudden, large increase in gradient (> 200 °C/km).  As with Watkins 1-6, this 
sharp increase in gradient indicates lateral transport of heat, as steady state vertical conduction 
cannot explain the rapid increase in temperature with depth.  
 
Figure 28.  Well Watkins 1-6 Temperature Profile. 
Plot created in Excel from temperature postings on lower logging run.  The blue dots are 
temperature postings every 50 ft.  The upper gradient runs from Upper Atoka through the shale 
below the Wapanucka Limestone with a 26.6 °C/km gradient.  The higher gradient of 40.8 



























Figure 29.  Well Watkins 1-6 Well Log  
Log shows 2 log runs.  The log on left is Run 1 which has a BHT of 38.5 °C at a depth of 3,600 
ft  The log on the right is Run 2 which has a BHT of 123.6 °C at 8,900 ft TD.  The Cromwell top 
is marked and correlates to the red line in Figure 28.  Figure 28 starts just beneath the 3,600 ft 
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Figure 30.  Yardeka 2-12 Temperature Log. 
Temperature log with Gamma Ray log from 5,850 ft to 6,450 ft (TD).  The red line is top of the 
Cromwell Sandstone.  Temperature increases from left to right.  Temperature curve goes off 
chart near the bottom and comes back in on the left due to scaling.  Temperature is 85 °C before 
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CHAPTER 4 DISCUSSION 
Within the study area, the regional geothermal gradient is 28.8°C/km.  The maximum 
gradient in the area is 39°C/km in northern McIntosh County and the minimum gradient is 
16°C/km in central Hughes County.  Through the central portion of the basin there is a trend of 
higher than average gradients (> 31°C/km), particularly in Pittsburg and Haskell Counties, and 
extending to the north into McIntosh County.  The primary goals of the study were to find 
evidence to support the hypotheses that coal would lead to high average thermal gradients due to 
thermal insulation, and the hypothesis that advective fluid flow may enhance or diminish average 
thermal gradients. 
The hypothesis for thermal insulation by coal was tested in this study using 1D models.  
The magnitude of the insulation provided by coals is proportional to thickness of the layer and 
heat flow (Pollack and Cercone, 1994).  One dimensional model results from well Yardeka 2-12 
show the impact of coal on the average thermal gradient modeled is minimal, as coals are too 
thin to contribute significantly to weighted average thermal gradients.  As coal is not a 
significant reason for the observed gradients, some other mechanism(s) is responsible.  Model 
predictions are consistent with observed conditions observed for 8 of 10 wells, which means 
these wells are consistent with steady state vertical heat conduction; i.e. variation of basal heat 
flow and overall formation thickness (thermal conductivity) are the reasons for weighted average 
thermal gradient differences, consistent with Lee et al. (1996).   
Areas A and C (Figure 20) are low thermal gradient anomalies that lie within the high 
thermal gradient (Figure 31) trend within the central portions of the Basin.  The reasons for the 
higher gradient trend in the center of the basin may be the result of heat refraction and/or upward 
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fluid flow caused by the structure and topography of the basin (Cardott et al., 1986, Lee et al., 
1996).  Although the porosity is generally quite low in the Arkoma Basin, the permeability is not 
zero.  The Basin is surrounded by higher topography (Figure 5) and topography through the 
basin is variable, with a regional topographic gradient of 0.003 (Lee et al., 1996) from the 
Ouachita Mountains to the south to the Oklahoma Platform to the north.  Topographically driven 
fluid flow is probable throughout the basin, both locally and regionally, especially if 
permeability is enhanced by fractures from deformation and faulting, and/or dissolution of rock.  
Permeability data are not available for this study, but regional estimates based on porosity data 
are on the order of 10 
-14
 – 10 
-16
 m² (Cranganu et al., 1998, Lee et al., 1996), which is enough to 
cause significant perturbations to the geothermal gradient (Deming, 1993).  Local permeability is 
often greater than regional estimates (Deming, 1993).   
As previously stated, the entire pre-Atokan sequence is heavily faulted.  The faults in 
Figure 32 were inferred from regional fault data from Figure 33, from regional cross sections 
(Figures 8 and 35), and from steep contours in Figure 32.  Some of the faults in the central 
portions of the Basin have very large offsets, from hundreds to thousands of feet (Figures 8, 33, 
and 35) (Figures 34 and 36 are the keys for locations of cross sections and stratigraphic symbols 
respectively for Figure 35).  It is possible regional hot groundwater is flowing from the deep 
portions of the basin and up faults causing elevated temperatures around fault zones as discussed 
below.   
Areas A and C have low average gradients; 19–21°C/km and 19-23°C/km respectively.  
The two wells in Area A that have low thermal gradients are shallow wells (~ 2,400 ft, and 2,600 
ft) where only some of the Desmoinesian sediments are drilled.  Nearby wells with higher 
average gradients (~32 – 37 °C/km) around these 2 wells are at depths between 5,200 – 8,800 ft 
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penetrating the underlying Atokan and Morrowan formations.  Area C shows the same trends of 
low average gradients in shallow wells versus high average gradients in deeper wells.  The 
shallow wells are at 3,300 ft, and 3,700 ft (18.9 – 19.6°C/km) and the nearby deeper wells range 
between 7,800 and 8,900 ft (36.3 – 38.4°C/km).  The BHT values of these wells are plotted in 
Figure 31, with ± 5ºC error bars.  The blue line is a best fit linear thermal gradient of 21°C/km 
for BHTs in the shallow wells from surface to the bottom hole locations.  The red line is a best fit 
thermal gradient of 36.8 °C/km for the deeper wells from the surface to the bottom hole of the 
deep runs.  The data show there is nearly a 2 to 1 increase in the thermal gradient at sub Atokan 
depths below ~ 1.2 km.  This is represented graphically by the dashed green line which shows a 
potential depth range of the nearly 2 to 1 increase in gradient with depth. 
In the absence of a large decrease in thermal conductivity with depth, steady state vertical 
heat conduction cannot explain the differences.  Therefore, another mechanism(s) is needed to 
explain these differences.  Lateral heat transport via fluid flow and/or heat refraction (Guyod, 
1946, Nunn et al., 2006) along inferred major fault fairways (Figure 32) may be the cause of the 
observed gradient increase with depth in wells Watkins 1-6 and Yardeka 2-12 (Figures 28 and 
30) as well as the observed differences in the shallow and deep wells shown in Figure 31.  As the 
increase in the thermal gradient is observed below the Atoka shale (Figures 29 and 30), heat 
transport may be moving laterally through more permeable, and potentially fractured, sub 
Atokan formations such as the Cromwell and Spiro Sandstones, as well as sandstones and 
carbonates of deeper formations (Figures 28, 30), with less thermal energy being transported 
vertically through the Atoka Shale and Desmoinesian Formations.  Also, this mechanism is 
consistent with heat flow out of the deeper parts of the basin towards the shallow portions of the 
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basin as modeled by Lee et al. (1996) (Figure 21).  If the shallow wells were drilled to sub 
Atokan depths, they would likely have higher weighted average thermal gradients. 
 
Figure 31.  Areas A and C Temperature Gradient Grror Analysis. 
Figure shows BHT values with ± 5 ºC error bars for shallow and deep wells.  The Blue line is a 
best fit thermal gradients from surface to the shallow bottom hole locations and the dashed green 
line is the potetntial range of increase in gradient with depth.  The red line is a best fit thermal 
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Figure 35 A and B.  Regional Cross Sections and Major Structural Features. 











Figure 35 C and D:  Regional Cross Sections and Major Structural Features. 











Area B (Figure 20) is similar to areas A and C in that there is a shallow well, 
Risenhoover SWD 1, 1,810 ft deep, with a weighted average thermal gradient of 18.4 °C/km.  
The two closest wells, Wright Virginia 2 and Zartman 1-33, have weighted average gradients of 
27.4 °C/km and 26.4 °C/km with bottom hole temperature depths of 8,070 ft and 7,224 ft 
respectively.  Both deep wells have 2 logging runs with near constant gradients with depth.  The 
bottom hole location of Risenhoover SWD1 is in a 430 ft sand interval (Figure 37) with a 30 ft 
shale interval in the middle.  The thickness of the thermally high conductive sands could be the 
reason for the difference in thermal gradients.  Assuming background heat flow of 45 mW/m² 
(Figure 1), the thermal conductivity would need to average 2.4 W/m°K over the 1,800 ft rock 
column to produce the observed gradient.  Using thermal conductivities of 2.5 W/m°K and 3.0 
W/m°K for the quartz sands and 1.7 W/m°K for the shale, would result in thermal gradients of 
about 22 °C/km - 23 °C/km respectively.  The above calculations are based on using 600 ft of 
sandstone and 1,200 ft of shale.  Using half sand and half shale, the resulting gradient is 21 
°C/km.  This suggests that vertical steady state conduction is at least possible for this well.   
This well also sits within 500 ft of the top of a small hill so it is possible that local 
recharge of groundwater is depressing the thermal gradient.  Additionally, adjusting the BHTs 
between Risenhoover SWD1 and the deeper wells nearby (Zartman 1-33 and Wright Virginia 2) 
within a ± 5 °C margin of error suggest that a constant gradient with depth is possible in this 
well, as well as the area, without invoking differences in thermal conductivity or advective fluid 

























Figure 37.  Well Risenhoover SWD1 Well Log.   
Savanna and Booch formations shown with large sand intervals highlighted orange.  The base of 
the well is in a 430 ft sand interval. 
 
As noted above, there are 2 wells not in 1D thermal conductive equilibrium along the 
north/south cross section (Figure 13), Rollins 30-1 and Oakely 1-27.  For steady state vertical 
heat conduction to apply in Rollins 30-1 either the bulk thermal conductivity would have to be in 
excess of 3 W/m°K or the heat flow would have to be lower than 35 mW/m².  Both values are 
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would support fluid flow.  Rollins 30-1 has two temperature logs.  The shallow log from 800 to 
1,200 ft shows a region where temperature actually decreases with depth and then increases back 
to its original value (Figure 38).  The deep log shows that temperature is essentially constant 
from 4,400 to 5,150 ft (Figure 39).  Neither of these observations is consistent with steady state 
vertical heat conduction which requires that temperature increase with depth.  However, these 
observations could be explained in heat transport that is dominated by fluid advection.   
To test whether or not downward flow of groundwater could cause the thermal 
perturbations in Oakley 1-27 and Rollins 30-1, an analytical solution was used.  1D fluid velocity 
is calculated by the following equation; 




)         (8) 
 
Where 
β = CwρwqL/Km          (9) 
Tu is the temperature at the upper boundary, Tl is the temperature at the bottom boundary, Tz is 
the temperature at an arbitrary depth, Cw is fluid specific heat, ρw is fluid density, L is the 
distance between constant temperature boundaries, q is the velocity of fluid flow, and Km is the 
thermal conductivity.  Results for Rollins 30-1 indicate that a downward movement of ground 
water must have a velocity of at least 4.9 x 10 
-9
 m/s (0.15 m/yr) and 3.3 x 10 
-9
 m/s (0.1 m/yr) 
for Oakley 1-27 to produce the observed temperatures.   
Thermal anomalies associated with wells intersecting gas bearing (Guyod, 1946) sections 
have similar concave temperature profiles (Figure 40) as gas releases into the wellbore, expands, 





Figure 38.  Rollins 30-1 Temperature Log (Upper Section). 
Temperature log and Gamma Ray log from 800 – 2100 ft.  Temperature increases from left to 
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Figure 39.  Rollins 30-1 Temperature Log (Lower Section). 
Temperature log and Gamma Ray log from 3900 – 5150 ft.  Temperature increases from left to 
right.  The differential temperature is a derivative based curve used to highlight zones of 
temperature differences. 
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completions reports available at the Oklahoma Corporation Commission.  As Rollins 30-1 is dry, 
the thermal profile in Figures 38 and 39 is not from hydrocarbons.  If the lower gradients were 
due to refraction or lower heat production, the temperature profiles would not produce negative 
temperature gradient.  A low thermal gradient influenced by steady state vertical conduction 
requires that the thermal gradient be greater than zero.  However, a concave profile can be 
produced if a wellbore intersects a highly radioactive bed, such as the Woodford, or ore deposit 
nearby (Guyod, 1946) or possibly if beds are juxtaposed via faulting.  Again there is no first 
hand evidence for such a case. 
 
Figure 40.  Dunagan A-4 Temperature Log. 
Temperature log and Gamma log from 3,900 ft to 4,260 ft.  Temperature increases from left to 
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The most likely explanation is advective heat transport via lateral and/or downward 
movement of cold groundwater.  Although Oakely 1-27, and other wells in Area D, do not have 
an associated temperature log, they lie within the same low gradient trend and thus likely are 
impacted by the same processes.  No direct evidence of faulting from well logs is available, but 
from structure maps (Figure 33) faulting is prevalent in the area.  The upper anomaly in Rollis 
30-1 is in a shale interval (Figure 38) and fluid flow through it would likely be enhanced via fault 
related fractures.  It is common for drill holes to hit water bearing seams at multiple levels and 
for water to flow along them (Jaeger, 1965).  The lower anomaly starts around the Spiro 
sandstone.  As noted above, groundwater moving with a downward velocity of 0.15 m/yr could 
produce the necessary reduction in the temperature gradients.   
A theory for the cause of the low thermal anomaly in this area is depicted in Figure 41.  
For cold water to move down faults instead of hot water moving up the faults, a zone of elevated 
hydraulic head is required.  The area surrounding Rollins 30-1 (Figure 42) is faulted and the 
Canadian River Aquifer runs throughout the area.  The aquifer is composed of alluvial and 
terrace deposits.  Eufaula Lake may create a high potentiometric surface, acting as a recharge 
zone into shallow aquifers, thereby allowing for fluid flow to intersect and move down faults 
(Figure 42) (Bruno and Hanor, 2003) and possible fractured zones related to faulting (Figure 41). 
Previous work on geothermal potential in the Arkoma Basin was undertaken by Harrison 







Figure 41.  Hydrologic Interpretation Around Rollins 30-1.   
Diagram shows Eufaula Lake as a zone of recharge.  Rollins 30-1 is on the left with zone of 
fracture within upper PN shale in Figure 39. 
 
 
Figure 42.  Geologic Map of Outcropping Formations Near Rollins 30-1.   
The location in pink is the approximate location for Rollins 30-1.  From Oklahoma Geological 
Survey.   
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geothermal potential.  They investigated the Spiro, Cromwell, and Hartshorne sandstones for 
geothermal potential.  The Alaska Chena Hot Springs geothermal power plant is the lowest 
temperature geothermal power plant in the world and operates at temperatures just above 74 °C 
(Tester et al., 2006).  The Hartshorne rarely is deeper than 3,500 ft, and according to the 
geothermal gradient map (Figure 43), does not have temperatures suitable for low temperature 
geothermal power.  Depths for the Spiro vary from 3,700 ft to 12,000 ft and is primarily found 
between 5,700 ft - 7,500 ft, and the Cromwell is even deeper.  At these depths the Cromwell and 
Spiro sands are near the minimum range for low temperature geothermal power (~ 74 °C) 
especially within the circled areas in Figure 43.   
Harrison et al., (1982) estimated permeability values (10 – 20 mD) empirically for the 
Hartshorne, Spiro, and Cromwell sandstones from gas production data.  The water saturation 
varied greatly from 10 – 98% for the Spiro and 5 – 39% for the Cromwell and the average 
porosities for the Spiro were 14% and 18% for the Cromwell.  Permeabilities of at least 10
-13
 m² 
(100 mD) are required for economically viable geothermal resources (Ingebritsen, Sanford, and 
Neuzil, 2006).  Based on porosity/permeability relationships (Nelson, 1994), an estimated 20% 
porosity would be needed in order to have ~100 mD permeability.  Therefore, low temperature 
geothermal power may indeed be possible for some areas, but enhancing porosity and 
permeability (flow) may be necessary for economically viable geothermal resources.   
Shallow targets are attractive because they have lower costs associated.  However, should 
the Cromwell or Spiro prove to be non-viable targets due to reservoir conditions, alternative 
geothermal targets may still be possible in the deeper formations (Devonian – Cambrian) 
carbonates and sandstones.  Emerging technology such as Enhanced Geothermal Systems (EGS) 
are designed to extract hot water from conduction dominated low permeability and/or porosity 
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reservoirs (Tester et al., 2006).  The porosities of the Devonian –Cambrian formations are 
generally very low (Table 1) and therefore permeabilities are expected to be very low as well 
(Nelson, 1994).  The EGS concept is relatively simple.  It involves creating or accessing a 
fracture network through which water is sent down injection wells, heated via conduction with 
surrounding rock, and returned to the surface through production wells (Tester et al., 2006).   
Future studies should first focus on the shallow Cromwell Sandstone within or near the 
areas highlighted in Figure 43.  The Cromwell is aerially extensive (Figure 9), and is generally 
thick within the study area (average 43 ft) (Harrison et al., 1982).  As stated above, the entire 
pre-Atokan sedimentary column is highly faulted (Figures 7, 33), so secondary porosity via 
fracturing may be quite high especially along major fault fairways.  As heat transport via fluid 
flow and/or refraction likely occurs in the vicinity of these fairways, these areas may have the 
best reservoir conditions with the highest geothermal power potential.  The concept is similar to 
placing a geothermal power plant directly over the discharge zone in Figure 4.  Structurally, the 
central Arkoma Basin is characterized by a series of narrow anticlines and broad synclines 
(Figures 7, 44) broken by thrust and/or growth faults (Harrison et al., 1982).  The lateral changes 
in lithology, topographic, and structural complexities likely all contribute to variations in 
conductive and advective heat transport throughout the Basin.  A more detailed cross section of 














































































































Figure 44.  Major Surface Folds in the Arkoma Basin.  (Image from Cardott, 2010.  Modified 












CHAPTER 5 CONCLUSIONS 
The average geothermal gradient in the western Arkoma Basin is 28.8 °C/km.  The 
highest gradient observed is 39 °C/km and the lowest is 16 °C/km.  There is a trend of higher 
weighted average gradients ( > 31 °C/km) that extends from Pittsburg to Haskell counties and up 
into McIntosh county.  Coal layers in the basin are too thin to significantly affect the thermal 
regime; at best 1 – 1.5 °C across the coal layer.  Most of the observed variations in thermal 
gradients within the map area (Figure 20) can be explained by differences in thermal 
conductivity and heat flow.  Fluid flow is also assumed to play a role in the Basin center as well 
as Area D of the study area.  Down welling and/or lateral flow of cooler water is the likely cause 
for the low gradients in Rollins 30-1. 
Thermal refraction and/or fluid flow is driving heat from areas with deep basement to 
areas of shallow basement as modeled by Lee et al. (1996) whereby vertical steady state 
conduction cannot explain the higher thermal gradients in the Basin Center.  This is the cause for 
the large increase in thermal gradient with depth observed in wells such as Watkins 1-6 and 
Yardeka 2-12.  Effects of refraction and fluid flow on the local level are difficult to constrain 
without a better understanding of the two dimensional structure of the basin.  Future studies 
should focus on 2D modeling.   
Temperatures suitable for low temperature geothermal power (~ 74°C) are encountered at 
2 – 2.5 km depth.  The Cromwell Sandstones in particular should be further assessed in Pittsburg 
and Haskell Counties.  It is aerially extensive and at depths great enough to be on the edge of low 
temperature geothermal power.  Future work should be focused in areas with high temperatures 
along major fault fairways within the Basin center.  EGS may be necessary for geothermal power 
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production due to variations in water saturation, porosity, and permeability of the deep Devonian 
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APPENDIX A: WELL LOGS USED FOR STUDY 
API# Well # Date 
TVD 
(ft) 
Latitude Longitude Log Types 
35-005-20273  Little 1 9/30/2001 9790.5 34.671850 95.966705 
GR, RES, DN, 
TEMP 
35-005-20295 Harris 1-6 1/2/2006 11943 34.673580 96.077330 GR, RES, DN 
35-029-20271 Sprague 1-17 9/17/2005 11773 34.686653 96.397230 
GR, RES, D, N, 
TEMP 
35-029-20278 Watkins 1-34 3/10/1981 9162 34.518622 96.238405 GR, RES, N 
35-029-20297 Crow 34-A 12/28/1981 7282 34.596632 96.131349 GR, RES, D 
35-029-20482 Moran 3-36 9/18/1993 8868 34.684013 96.096565 GR, RES, D, N 
35-029-20488 Hall 1 9/10/1993 4057 34.683834 96.131640 GR, RES, D, N 
35-029-20631 Gaylor 2-4 8/15/2002 7220 34.586350 96.259010 GR, RES, D, N 
35-029-20632 Terranova Heirs 1-31 6/11/2002 7990 34.595444 96.300120 GR, RES, D, N 
35-029-20643 Lemons 9-25 8/24/2002 7719 34.696920 96.100650 GR, RES, D, N 
35-029-20656 Reed 2-8 3/1/2003 6735 34.576397 96.283040 GR, RES, D, N 
35-029-20658 Mowdy 1-17 5/8/2003 8581 34.648572 96.278177 GR, DT 
35-029-20667 Sidmore 10-35 7/28/2003 8776 34.689087 96.119490 GR, RES, D, N 
35-029-20690 McNutt 2-4 7/29/2004 3654 34.763557 96.148964 
GR, RES, D, N, 
DT 
35-029-20690 McNutt 2-4 7/29/2004 3654 34.763557 96.148964 GR, RES, D 
35-029-20711 Cometti 1-13 2/13/2005 4622 34.646060 96.101270 
GR, RES, D, N, 
DT 
35-029-20719 Martin 26-1B 7/27/2005 2214 34.523167 96.321686 GR, RES, D, N 
35-029-20723 Ennis 1-12 10/19/2005 11702 34.661420 96.101820 GR, RES, D, N 
35-029-20731 Sydney Gaylor 1-30 3/4/2006 9017 34.609170 96.287670 GR, RES, D, N 
35-029-20733 Johnston 1 12/22/2005 3608 34.677273 96.426990 GR, RES, D, N 
35-029-20754 Mowdy 1-21 6/26/2006 7104 34.623535 96.264690 
GR, RES, D, N, 
TEMP 
35-029-20768 Butler Brand 1-28 8/13/2006 7108.5 34.610764 96.264650 GR, RES, D, N 
35-029-20773 PASQUALI 1-17H 8/12/2006 6716 34.733917 96.168580 GR, RES, D 
35-029-20781 Sandman 1-18 9/16/2006 9332.4 34.557747 96.194430 GR, RES, D, N 
35-029-20987 Miller 1-17 7/24/2008 4473 34.555244 96.481630 GR, RES, D, N 
35-029-21000 
Double 5 Ranch 2-
10SWD 9/2/2008 8169 34.744675 96.232700 GR, RES, D, N 
35-029-21042 Hisaw 1-17 12/5/2008 5946 34.557068 96.484210 GR, RES, D, N 
35-061-21166 Esther 1-10 1/1/1997 5594 35.094315 95.176030 GR, RES, D, N 
35-061-21661 Bigger 1-18 4/16/2002 3756 35.258755 95.333000 GR, RES, D, N 
35-061-21877 Edwards 1-21 8/10/2003 5066 35.238174 95.187550 
GR, RES, D, N, 
TEMP 
35-061-21935 Fenton 2 11/19/2003 6722 35.165210 95.111690 
GR, RES, D, N, 
TEMP 
35-061-21970 Quick 27-1 2/4/2004 4343 35.221690 95.278680 GR, RES, D, N 
35-061-21994 Fenton 3 4/21/2004 5631 35.161820 95.107700 GR, RES, D, N 
35-061-22127 Richardson 1-10 7/29/2005 10721.5 35.092537 95.182150 GR, RES, D, N,  
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35-061-22133 Pixler 1-16 2/8/2006 6734 35.164597 95.202080 GR, RES, D, N 
35-061-22178 Blue Norther 1-31 11/17/2005 6904 35.292240 94.915190 GR, RES, D, N 
35-061-22223 Anderson 1-18 3/24/2006 6683.5 35.162780 95.125360 
GR, RES, D, N, 
TEMP 
35-061-22293 Hiser 2-1 3/29/2007 2413 35.193905 95.258675 
GR, RES, D, N, 
DT 
35-061-22301 Lona Valley 1-7 4/23/2007 7078 35.176030 95.240220 GR, RES, D, N 
35-061-22312 Lois May 1-9 9/4/2007 8085.5 35.088364 95.098580 GR, RES, D, N 
35-061-22317 Hulsey 2-20 12/7/2007 3005 35.065876  95.219440 
GR, RES, D, N, 
TEMP 
35-061-22327 Martin 1-6 7/9/2008 8229 35.113030 95.124440 GR, RES, D, N 
35-063-20651 Haynes 1-10 9/5/1977 3080 35.264656 96.339150 GR, RES, D, N 
35-063-21086 Chapman 1 5/21/1980 6800 34.923411 96.207523 GR, RES 
35-063-22433 Wilbanks 2-27 1/20/1986 6191 34.968777 96.239253 GR, RES, D 
35-063-22464 Freddie 1 3/20/1986 4399 35.167568 96.279519 GR, RES 
35-063-22775 Voodo Redo 1-1 1/15/2008 6275 34.939377 96.310250 GR, RES, D, N 
35-063-23338 McNutt 2-24 1/31/1996 3725 34.798283 96.094284 GR, RES, D, N 
35-063-23548 Leon Russell 1-34 12/11/2002 6319.5 34.777350 96.244220 GR, RES, D, N 
35-063-23563 Crow 1-23 4/1/2003 3735 35.242590 96.003365 GR, RES, D, N 
35-063-23582 Patterson 1-36 8/5/2003 7733 34.951030 96.103080 GR, RES, N 
35-063-23603 Vandersall 24-1 3/23/2004 3963 34.801083 96.104130 GR, RES, D, N 
35-063-23632 Summers 1D-27 8/20/2004 4025 34.785138 96.139430 GR, RES, D 
35-063-23648 Freeport 2-32 11/3/2004 3645 34.777900 96.166820 GR, RES, N 
35-063-23656 Sellers 3-35 11/3/2004 3897 34.770800 96.120285 GR, RES, D, N 
35-063-23674 Marbet 57 1/15/2005 5751 34.897070 96.151505 GR, RES, D, N 
35-063-23722 Arley 1-6 8/22/2005 4154 35.023293 96.294464 GR, RES, D, N 
35-063-23740 Coppedge 2-2 12/15/2005 3262 35.280060 96.218956 GR, RES, D, N 
35-063-23747 Donald 1-25 12/14/2005 7857 34.877346 96.093390 GR, RES, D, N 
35-063-23794 Cattle 1H-21 8/8/2006 6344 34.796934 96.252593 GR, RES, N 
35-063-23810 Marbet LLC 65 9/14/2006 5000 35.103054 96.337670 GR, RES, D, N 
35-063-23867 Marbet 63 7/24/2007 4951 35.066742 96.269580 GR, RES, D, N 
35-063-23868 Smith Trust 1-30 2/8/2007 5051 35.045383 96.292940 GR, RES, D, N 
35-063-23912 Cattle 5H-8 6/22/2007 8274.2 34.828827 96.170390 GR, RES, D, N 
35-063-23926 Scout 1-27 6/11/2007 3018 35.055847 96.231860 GR, RES, D, N 
35-063-23949 Nicole 1-23W 8/21/2007 5237 35.068700 96.111640 GR, RES, D, N 
35-063-23988 Gerty SWD 1 10/8/2007 5470 35.187313 96.043800 GR, RES, D, N 
35-063-24187 TV 2-15 10/7/2008 3492 35.169790 96.246580 GR, RES, D, N 
35-077-21323 Watts Ranch 1-2 7/9/2002 5970 34.850150 95.387085 GR, RES, D, N 
35-077-21355 State 4 1/17/2003 3583 35.012833 95.363350 GR, RES, D, N 
35-077-21357 Martin 3 2/22/2003 8894.5 35.005390 95.114140 GR, RES, N 
35-077-21382 Butzer 3 12/12/2003 6695 34.914917 95.228610 GR, RES, D, N 
35-077-21459 Cecil 2-19 8/15/2004 14177 34.981773 95.230640 GR, RES, D, N 
35-077-21462 Mollie 3-17 10/27/2004 3381 34.996197 95.327354 GR, RES, D, N 
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35-077-21496 Thornton 2 4/27/2005 10783 34.933130 95.265950 GR, RES, D, N 
35-077-21501 Joseph 1-27 8/14/2005 2533 35.048595 94.968780 
GR, RES, D, N, 
TEMP 
35-077-21553 Hawthorne 2 3/5/2006 12437.5 34.937714 95.196495 
GR, RES, D, N, 
DT 
35-077-21573 Shephad 3-10 4/8/2006 7563.9 35.012043 95.387900 GR, RES, D, N 
35-077-21606 Colvard 3 7/22/2006 7163 34.918587 95.178400 GR, RES, D, N 
35-077-21622 Parks B 13 9/3/2006 9237 34.964460 94.973260 GR, RES, D, N 
35-077-21694 Mary White 7-8 12/6/2007 3552 35.006435 95.432560 GR, RES, D, N 
35-077-21727 Coker 1 5/19/2008 4149 34.914833 95.456870 
GR, RES, D, N, 
DT 
35-077-21728 Dunagan A-4 5/29/2008 4464 34.910410 95.458565 
GR, RES, D, N, 
TEMP 
35-077-21749 Coker 2 8/7/2008 4063 34.914700 95.462890 GR, RES, D, N 
35-077-21785 Myton 23 2/5/2009 8295 34.980490 94.978320 
GR, RES, D, N, 
TEMP 
35-077-21799 Browne 2 8/3/2009 5283 35.046116 95.328026 GR, RES, D, N 
35-079-20746 Taylor 1-33 11/11/1990 8276.5 35.119580 94.677666 GR, RES, D, N 
35-079-21125 Farrar 1-22 1/30/1999 7829 35.155895 94.445570 GR, RES, D, N 
35-079-21316 Bozarth 1-10 5/21/2002 2616 35.004116 94.659164 GR, RES, D, N 
35-079-21743 Donaho Stone 11/2/2005 9073 35.083805 94.820430 GM, RES 
35-079-21786 Terry Hickman 1-8 12/26/2005 6780  35.175976 94.684310 GM, RES 
35-079-21796 Bridges 2-18 1/24/2006 6570.5 35.248856 94.692670 
GR, RES, D, N, 
TEMP 
35-079-21839 Reed Ranch 1-22 5/3/2006 4223 35.061623 94.651730 GR, RES, D, N 
35-079-21941 Gladys Pate 5-18 5/19/2007 11894 34.997690 94.922970 GR, RES, D, N 
35-079-21945 Hall 1-26A 6/10/2007 8451.5 34.696910 94.970436 GR, RES, D, N 
35-079-21955 Hanna 1-9 8/7/2008 5990 35.177006 94.562710 GR, RES, D, N 
35-079-22002 Parnell 4-18 2/13/2008 6689 35.246822 94.484650 
GR, RES, D, N, 
TEMP 
35-079-22051 Johnson 1-23 9/13/2008 12040 35.069916 94.852030 GR, RES, N 
35-091-21385 Ruby SWD 1 11/4/2003 4676 35.264763 95.889760 GR, RES, D, N 
35-091-21388 Lizabeth A 1-20 11/26/2003 2879 35.502506 95.636000 
GR, RES, D, N, 
TEMP 
35-091-21554 Haskett 2A 6/2/2008 1918 35.336000 95.410930 GR, RES, D, N 
35-091-21569 Ruth Ann 2-36 5/30/2006 3924 35.301563 95.878860 GR, RES, D, N 
35-091-21583 Root 3-35 7/10/2006 3081 35.207935 95.796670 GR, RES, D, N 
35-091-21611 Gracie 1-14 9/11/2006 5187 35.167225 95.898600 GR, RES, D, N 
35-091-21710 Spindle 1-13 6/26/2008 3102 35.424020 95.569920 GR, RES, D, N 
35-091-21779 GS&T Unit 1 SWD 4/19/2010 3290.5 35.423160 95.549100 GR, RES, D, N 
35-101-22697 Ketchum 1-27 9/16/1991 4190 35.315205 95.286900 GR, RES, D, N 
35-101-22781 Rollins 30-1 5/30/2001 5198 35.316933 95.341590 
GR, RES, D, N, 
TEMP 
35-101-22788 Weemes 1 10/15/2001 4247 35.367683 95.289920 GR, RES, D, N 
35-101-22862 Bear SWD 1 9/18/2006 3076 35.310080 95.251720 GR, RES, D, N 
35-101-22872 Oakley 1-27 1/15/2008 2326 35.578926 95.378044 GR, RES, D, N 
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35-101-22880 Synar 4-22 7/3/2009 1855.5 35.589450 95.385330 GR, RES, D, N 
35-121-20806 Zartman 1-33 3/12/1981 2984 35.129330 95.404656 GR, RES, D 
35-121-21128 Wright Virginia 2 4/25/1984 7472 35.036864 95.495581 GR, RES 
35-121-21375 Garrett unit A1 1-37-88 3063 34.753720 95.588650 GR, RES, DN 
35-121-21421 Mass 3-25 9/17/1988 6828 34.873005 95.573400 GR, RES 
35-121-21794 Murdaugh 4 4/17/1994 8059 35.051525 95.397647 GR, RES 
35-121-21999 Pettit 5-31 12/18/1996 1498 34.860951 95.547579 GR, RES, D 
35-121-22521 Cope 3 3/9/2009 4812 34.826637 95.666590 GR, RES, D, N 
35-121-22567 Cope 3 A 5/25/2001 9744 34.827050 95.666470 GR, RES, D, N 
35-121-22667 Duran 1-23 9/17/2001 2573 35.153070 95.695480 GR, RES, DN 
35-121-22706 Yuma 1-26 1/2/2002 9745 34.786000 95.701250 GR, RES, D, N 
35-121-22755 Cable 2-19 7/18/2002 4610 34.809100 95.773620 GR, RES, N 
35-121-22773 Stark 1-4 9/11/2002 7849 34.933952 95.94336  GR, RES, D, N 
35-121-22797 Hackler 1-3 8/29/2002 3392 34.936234 95.021300 
GR, RES, D, N, 
TEMP 
35-121-22810 Verner 2-1 10/16/2005 7952 34.938198 95.90724 GR, RES, D, N 
35-121-22811 Lois Sirmans 1-12 12/11/2002 12050 34.829483 95.570076 GR, RES, D, N 
35-121-22833 Robert 1-15 1/4/2002 1754 35.081375 96.033730 GR, RES, D, N 
35-121-22860 Marvin 7 3/31/2003 3537 34.916203 96.014020 
GR, RES, D, N, 
DT 
35-121-22922 James Lewis 6-12 5/25/2003 11714 34.830883 95.580560 GR, RES, N 
35-121-23001 Holt 2-9 8/18/2003 2584 35.010864 95.934470 GR, RES, D, N 
35-121-23035 Verner 3-11 11/9/2003 3751.5 34.914795 95.903936 GR, RES, DN 
35-121-23061 Dorothy 1-11 1/6/2004 3301.5 34.914787 95.897220 GR, RES, DN 
35-121-23232 Ida Jane 1-32 11/16/2004 3848.5 34.943523 96.064780 GR, RES, D, N 
35-121-23245 Robbie G 1-34 10/28/2004 4038 34.860500 96.030380 
GR, RES, D, N, 
TEMP 
35-121-23330 Watkins 1-6 12/12/2004 3594 34.936073 95.872630 GR, RES, D, N 
35-121-23377 Peggy 2-33 4/11/2005 8863 34.952270 95.943350 GR, RES, D, N 
35-121-23408 Cianna 5-15 7/24/2005 3357 35.082706 95.713900 GR, RES, D, N 
35-121-23463 Sundown 1-20 8/1/2005 3758 34.805492 96.062096 GR, RES, D, N 
35-121-23676 Steve Phipps 1-28 7/6/2005 4608 34.707500 95.937004 GR, RES, D, N 
35-121-23745 Mr. Dan 1-6 9/26/2006 4085 35.023830 95.758730 GR, RES, D, N 
35-121-23872 Mcclendon 1-10 7/25/2007 2401 34.743507 95.932510 GR, RES, D, N 
35-121-23879 Geneva 1-36 6/9/2007 3932 34.769240 95.891910 
GR, RES, D, N, 
DT 
35-121-23887 SR 1-22 6/4/2007 4603 34.714310 95.932580 
GR, RES, D, N, 
TEMP 
35-121-24035 Chapman 2-7 3/22/2008 3749 34.741898 95.879950 GR, RES, D, N 
35-121-24076 Yardeka 2-12 3/20/2008 2811 35.187134 95.567900 
GR, RES, D, N, 
TEMP 
35-121-24114 Risenhoover SWD1 8/29/2008 1810 35.110615 95.424700 GR, RES, D, N 
35-121-24148 Tom 3-11 7/18/2008 2501 35.263080 95.483350 GM, RES 
f35-135-20368 Shim 1-6 3/13/2005 6935 35.370920 94.599180 




35-135-20369 Reinhart 3-12 7/29/2005 7440.5 35.347923 94.501236 GR, RES, D, N 
35-135-20372 Chisum 3-22 7/20/2005 7462.5 35.319656 94.545740 
GR, RES, D, N, 
TEMP 
35-135-20376 Fouts 1-1 7/12/2006 6412 35.367100 94.608154 
GR, RES, D, N, 
TEMP 
35-135-20383 Ora Breedlove 6 1/15/2008 6049 35.344315 94.536230 
GR, RES, D, N, 
TEMP 
35-135-20387 Breedlove 7 8/28/2008 3522 35.335780 94.540570 
GR, RES, D, N, 
TEMP 
35-135-20390 Reinhart 4-12 9/6/2008 4796 35.348442 94.509100 
GR, RES, D, N, 
TEMP 
35-135-20392 Synar 1-13 9/21/2008 4697 35.344925 94.511340 
GR, RES, D, N, 
TEMP 
35-135-20402 Gunter 2 5/31/2010 3651 35.315975 94.617300 






















APPENDIX B: WELLS WITH MULTIPLE RUNS 


















Ave. Well Gradient 
(dT/dX) C°/km 
35-061-22223 Anderson 1-18 1 82.78 82.78 Air 2.04 31.16 31.15 
  Anderson 1-18 2 84.44 84.44 Air 2.09 30.72   
35-061-21661 Bigger 1-18 1 55.00 55.00 Air 1.14 31.18 36.20 
  Bigger 1-18 2 66.67 71.74 9.45 1.45 55.13   
35-029-20768 Butler Brand 1-28 1 68.33 80.43 9.3 2.17 28.21 29.16 
  Butler Brand 1-28 2 77.22 91.62 9.4 2.48 35.67   
35-121-22755 Cable 2-19 1 49.44 54.03 9.5 1.41 24.72 33.51 
  Cable 2-19 2 93.33 108.94 9.1 2.68 43.23   
35-121-24035 Chapman 2-7 1 62.22 63.60 9.3 1.14 38.77 30.31 
  Chapman 2-7 2 116.11 135.17 11.8 3.82 26.71   
35-121-23408 Cianna 5-15 1 43.33 43.33 8.6 1.02 23.49 36.45 
  Cianna 5-15 2 87.78 100.31 8.6 2.22 47.50   
35-029-20711 Cometti 1-13 1 55.56 60.20 9.6 1.41 29.03 32.33 
  Cometti 1-13 1 119.44 138.42 9.8 3.68 34.36   
35-029-21000 Double 5 Ranch 2-10SWD 1 85.00 99.50 8.9 2.49 32.21 32.86 
  Double 5 Ranch 2-10SWD 2 98.89 115.85 8.8 2.94 36.47   
35-061-21994 Fenton 3 1 51.67 59.63 8.6 1.72 23.50 26.37 
  Fenton 3 2 62.78 74.13 9.2 2.08 39.99   
35-063-23648 Freeport 2-32 1 48.89 49.83 9.7 1.11 27.48 32.69 
  Freeport 2-32 2 85.00 99.15 9.8 2.44 37.03   
35-121-21375 Garrett unit A1 1 43.89 43.89 8.5 0.93 26.34 26.15 
  Garrett unit A1 2 103.33 122.19 9.3 4.19 24.05   
  Garrett unit A1 3 103.89 122.76 9.6 4.18 50.66   
  Garrett unit A1 4 121.11 139.05 14.2 4.58 43.23   
35-121-23879 Geneva 1-36 1 62.22 64.31 10.1 1.20 37.56 29.28 
  Geneva 1-36 1 107.22 126.16 11.5 3.65 25.23   
35-091-21779 GS&T Unit 1 SWD 1 44.44 44.44 9.75 1.00 25.07 32.76 
  GS&T Unit 1 SWD 2 60.00 64.13 NA 1.37 53.83   
35-135-20402 Gunter 2 1 43.33 43.33 Air 1.11 21.60 28.23 
  Gunter 2 2 76.67 76.67 Air 2.03 36.27   
35-029-20488 Hall 1 1 44.44 47.01 9 1.24 22.40 30.42 
  Hall 1 2 78.89 92.88 9.2 2.42 38.80   
35-061-22293 Hiser 2-1 1 31.11 31.11 8.6 0.74 16.06 30.29 
  Hiser 2-1 1 72.78 84.87 8.5 2.16 37.61   
35-061-22317 Hulsey 2-20 1 39.44 39.44 Air 0.92 21.99 29.36 
  Hulsey 2-20 2 105.56 124.11 10.5 3.42 33.77   
  Hulsey 2-20 3 105.56 124.40 10.4 3.58 1.82   
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35-121-23232 Ida Jane 1-32 1 48.89 50.64 8.9 1.17 26.72 32.90 
  Ida Jane 1-32 1 79.44 91.85 9.2 2.20 39.94   
35-077-21501 Joseph 1-27 1 41.67 41.67 Air 0.77 28.97 30.22 
  Joseph 1-27 1 109.44 128.33 10 3.61 30.57   
  Lona Valley 1-7 1 38.33 38.33 NA 0.91 20.87   
35-061-22301 Lona Valley 1-7 1 87.78 87.78 Air 2.16 39.70 31.74 
35-077-21357 Martin 3 1 77.22 93.03 12.8 2.71 27.20 30.82 
  Martin 3 2 96.67 114.19 10.05 3.08 57.52   
35-121-22860 Marvin 7 1 37.22 37.72 8.9 1.08 17.08 32.53 
  Marvin 7 2 75.56 86.90 8.8 2.08 49.19   
35-121-23872 Mcclendon 1-10 1 60.00 60.00 9.6 0.73 55.61 34.59 
  Mcclendon 1-10 1 126.67 145.52 10.8 3.59 29.91   
  Mcclendon 1-10 3 132.22 151.28 10.8 3.82 25.68   
35-029-20690 McNutt 2-4 1 50.56 51.54 9 1.11 28.95 33.58 
  McNutt 2-4 3 91.11 106.20 9 2.59 37.08   
35-077-21462 Mollie 3-17 1 38.89 38.89 Air 1.03 19.01 22.19 
  Mollie 3-17 2 75.56 75.56 Air 2.54 24.37   
35-121-23745 Mr. Dan 1-6 1 49.44 52.12 8.7 1.25 26.36 36.00 
  Mr. Dan 1-6 2 100.56 116.27 9.4 2.69 44.28   
35-079-22002 Parnell 4-18 1 84.44 84.44 Air 2.04 31.95 34.23 
  Parnell 4-18 2 96.11 96.11 Air 2.24 56.87   
35-063-23582 Patterson 1-36 1 77.22 86.86 9.25 1.89 35.82 33.62 
  Patterson 1-36 1 85.00 98.55 9.25 2.36 24.82   
35-121-21999 Pettit 5-31 1 21.11 21.11 Air 0.46 3.97 28.33 
  Pettit 5-31 2 106.11 125.12 9.2 3.73 31.73   
35-061-22133 Pixler 1-16 1 70.00 81.16 8.8 2.05 30.14 30.39 
  Pixler 1-16 2 76.67 90.02 7.6 2.33 32.27   
35-121-23245 Robbie G 1-34 1 51.11 53.60 9.4 1.23 27.87 22.94 
  Robbie G 1-34 2 80.00 80.00 Air 2.65 18.65   
35-121-22833 Robert 1-15 1 32.78 32.78 NA 0.53 25.21 21.42 
  Robert 1-15 2 35.56 35.56 NA 0.76 12.38   
35-063-23656 Sellers 3-35 1 41.67 43.62 9.6 1.19 20.48 24.62 
  Sellers 3-35 1 62.22 75.13 8.75 2.27 29.19   
  Sellers 3-35 2 99.44 115.02 8.2 2.67 99.23   
35-029-20667 Sidmore 10-35 1 92.22 92.22 Air 2.67 27.26 31.44 
  Sidmore 10-35 2 105.56 123.88 9.2 3.33 48.60   
35-121-23887 SR 1-22 1 51.67 56.24 9.4 1.40 26.33 24.16 
  SR 1-22 1 87.22 87.22 Air 2.81 22.00   
35-077-21355 State 4 1 35.00 35.70 8.9 1.09 15.02 28.43 
  State 4 2 108.89 108.89 Air 3.15 35.55   
35-121-23676 Steve Phipps 1-28 1 55.00 59.60 9.2 1.40 28.69 28.53 
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  Steve Phipps 1-28 1 85.00 101.72 9.9 2.89 28.37   
35-063-23632 Summers 1D-27 1 51.11 53.53 9.2 1.23 27.90 27.51 
  Summers 1D-27 2 91.11 91.11 Air 2.61 27.17   
35-121-23463 Sundown 1-20 1 35.00 36.42 9.3 1.15 14.94 34.52 
  Sundown 1-20 1 100.00 116.34 9.9 2.81 47.98   
35-077-21496 Thornton 2 1 82.22 100.44 9.9 3.29 24.69 31.89 
  Thornton 2 2 117.22 136.17 13.5 3.66 94.55   
35-063-23603 Vandersall 24-1 1 48.89 51.08 9.1 1.21 26.31 27.72 
  Vandersall 24-1 2 71.11 84.67 10 2.36 29.20   
35-121-23330 Watkins 1-6 1 37.78 38.53 8.7 1.10 17.55 38.42 
  Watkins 1-6 2 107.78 123.61 9.5 2.71 52.54   
35-101-22788 Weemes 1 1 43.33 46.59 8.9 1.29 21.08 21.16 
  Weemes 1 2 43.89 47.74 9.2 1.34 23.38   
35-121-21128 Wright Virginia 2 1 82.22 82.22 Air 2.28 27.63 27.35 
  Wright Virginia 2 2 86.11 86.11 Air 2.44 23.54   
35-121-24076 Yardeka 2-12 1 40.56 40.56 Air 0.86 24.81 33.63 
  Yardeka 2-12 2 72.78 72.78 Air 1.89 31.08   
  Yardeka 2-12 3 85.00 85.00 Air 1.95 203.55   
35-121-20806 Zartman 1-33 1 45.00 45.00 Air 0.91 28.26 26.35 
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